Long-term graft function following autologous hematopoietic cell transplantation and the impact of preemptive plerixafor in predicted poor mobilizers It is generally accepted that peripheral blood autologous hematopoietic cell transplantation (AHCT) requires a minimum of 2 × 10 6 CD34+ cells/kg for successful engraftment in the early post-transplant period [1] [2] [3] . The American Society for Blood and Marrow Transplant (ASBMT) recommends a target dose of 3-5 × 10 6 CD34+ cells/kg 1 . Prior studies have shown that infusion of fewer CD34+ cells results in poor hematopoietic function at 6 and 12 months 4, 5 ; however, whether there is an optimal CD34+ dose needed to sustain long-term graft function has not been established.
This study sought to establish the minimum number of CD34+ cells/kg required for, and to identify factors that may be predictive of, long-term hematopoietic function. A secondary objective was to assess the long-term outcomes of AHCT following preemptive use of plerixafor.
A retrospective review of all autologous collections between January 2004 and September 2013 at The Ottawa Hospital was performed. All patients included in the study had consented to having their data collected. Patients were excluded if they did not proceed to AHCT, were not followed locally, or if the AHCT was for a nonhematological indication. The study was approved by the institution's Research Ethics Board. Blood counts were collected at 6, 12, 24, 36, 48, and 60 months (with a 30-day margin of error if >6 months post-transplant) after the date of AHCT and until either relapse or January 2016 (the study end date). Poor long-term hematopoietic function was defined as an absolute neutrophil count (ANC) <1 × 10 9 /L, hemoglobin <100 g/L, or platelets <100 × 10 9 /L. After May 2009, plerixafor became available through a special access program. Though there was variation between physician practices, the general institutional practice was to use plerixafor preemptively for patients with a pre-collection CD34+ count of <2 × 10 6 cells/kg, i.e., predicted poor mobilizers (PPMs) 6 . The precollection CD34+ count was determined by dividing the number of CD34+ cells/µL by the patient's weight to predict the number of CD34+ cells obtained with 10-L apheresis. To study the impact of preemptive plerixafor, clinical outcomes of PPMs who received plerixafor were compared to those of PPMs prior to plerixafor availability. The collection procedure was performed as previously described 7 . Data on post-transplant transfusion requirements, culture-positive infections, and infections requiring hospital admission were collected.
Logistic regression was used to analyze the factors associated with poor long-term graft function. Chi-square tests were used to analyze the number of patients with poor long-term graft function at 1, 2, 3, 4, and 5 years based on infused CD34+ cell dose and to assess the differences in clinical outcomes between PPM and plerixafor-mobilized patients. The median CD34+ dose, CD34+ cell yield, and peripheral blood counts of these groups were compared using the Mann-Whitney rank sum test.
The study included 560 patients ( Table 1 ). The median pre-collection CD34+ count was 3.12 × 10 6 (range 0-63.11) cells/kg and the median CD34+ dose collected was 6.41 × 10 6 (range 0.31-58.77) cells/kg. The median follow up was 24 (range 0.7-63) months. In total, 297 (53%) patients relapsed during the study period. At 1 and 5 years post AHCT, 357 and 96 patients were included, respectively.
The percent of patients who had poor hematopoietic function at 1, 3, and 5 years was 13.4% (n = 48), 7.2% (n = 13), and 9.4% (n = 9), respectively. At 1 year post-transplant, the proportion of patients with poor hematopoietic function was significantly higher in patients who received fewer than 3 × 10 6 CD34+ cells/kg (24.4%) compared to patients who received 5-10 × 10 6 CD34+ cells/kg (11%, p = 0.028) or >10 × 10 6 CD34+ cells/kg (6.5%, p = 0.019, Table 2 ). Though patients who received lower CD34+ doses initially had poorer graft function, beyond 1 year post-transplant, there was no statistically significant difference in hematopoietic function based on the number of CD34+ cells infused. There was no significant difference in the relapse rates based on quantity of CD34+ cells infused.
Ten patients received fewer than 2 × 10 6 CD34+ cells/ kg. Of these, 4 patients died within 1 month of AHCT (1 from disease relapse, 2 from neutropenic sepsis, and 1 from aplasia resulting in hemorrhage and sepsis). Of the remaining 6 patients, 2 relapsed within 1 year post AHCT, 1 relapsed at 3 years post AHCT, and 3 were still being followed at the end of the study period. The overall rate of inadequate hematopoiesis was 67% at 1 year (4 of 6 patients), 33% at 2 years (2 of 6 patients), and 0% (with 1 patient) at 5 years post AHCT.
Multivariate logistic regression showed that pretreatment with two chemotherapy lines was associated with an increased risk of poor long-term graft function compared to 1 prior chemotherapy line (OR 2.76; 95% CI 1.60-4.78; p < 0.001). Other patient and disease characteristics were not independently associated with poor long-term graft function in either univariate or multivariate analysis.
There were 197 PPM patients, 25 of whom were mobilized with preemptive plerixafor and 172 were mobilized with standard regimens. The pre-collection CD34+ count of plerixafor-mobilized versus other PPMs was not significantly different (1.16 × 10 6 cells/kg versus 1.08 × 10 6 cells/kg, p = 0.480). However, plerixaformobilized patients had a significantly higher median CD34+ collection yield when compared to other PPMs (4.048 × 10 6 cells/kg versus 2.996 × 10 6 cells/kg, respectively, with p = 0.005). All plerixafor-mobilized patients collected >2 × 10 6 CD34+ cells, whereas 144 of the 197 (74%) PPM patients collected >2 × 10 6 CD34+ cells/kg. There were no significant differences in the median longterm blood cell counts, rates of poor graft function, transfusion requirements, infection rates, or relapse incidence between plerixafor-mobilized patients and other PPM patients.
In this study, we found that beyond 1 year post-transplant, there was no statistically significant difference in hematopoietic function based on the number of CD34+ cells infused. Previous studies have shown that higher CD34+ doses result in better long-term hematopoietic reconstitution 4, 5, 8, 9 . Earlier studies that followed patients up to 1 year post-transplant showed that a dose of 3.9 × 10 6 CD34+ cells/kg was associated with no cytopenias 8 , and >10 × 10 6 CD34+ cells/kg doses were required to ensure normal peripheral blood counts (WBC >4 × 10 9 /L, hemoglobin >120 g/L, or platelets >150 × 10 9 /L) 6 months post-transplant 4 . These previous studies included patients with non-hematologic malignancies who had undergone multiple lines of treatment, and used higher thresholds for defining normal hematopoietic function, which may account for their findings of increased CD34+ infusion doses required to sustain long-term hematopoietic function.
In our study, patients who were infused <2 × 10 6 CD34 + cells/kg had a higher incidence of death in the 1 month post-transplant period and only 1 in 10 patients was followed for 5 years post-transplant. Though we found a non-significant trend toward improved hematopoietic function with higher CD34+ doses, given the liberal definition of poor hematopoietic function used in this study, the small differences in the rates of cytopenias did not significantly affect any of the clinical outcomes we looked at. Overall, we found that infusion of <2 × 10 6 CD34+ cells/kg lead to poor late graft function, and given the lack of statistical or clinically significant improvement in hematopoietic function with doses >3-5 × 10 6 CD34+, our findings support the transfusion target of 3-5 × 10 6 CD34+ cells/kg as proposed by the ASBMT. Increasing the target CD34+ above this target would require more apheresis procedures, which comes at an added cost as well as possible risks to the patient (e.g., citrate reactions and thrombocytopenia).
In our study, plerixafor mobilization significantly increased CD34+ collection yield and ensured a collection of >2 × 10 6 CD34+ cells/kg when compared to standard mobilization regimens for PPM. Prior studies have shown that plerixafor may change the immune composition of the apheresis product, and we hypothesized that this may improve long-term hematopoietic reconstitution 10, 11 . However, similar to our findings, prior studies using plerixafor mobilization have also shown no significant improvement in graft function at 1 year post-transplant 12, 13 . Plerixafor has been shown to increase the quantity of T lymphocytes and natural killer cells in the graft 14, 15 , which may hasten immune recovery Table 2 Long-term hematopoietic outcomes of all non-relapsed study patients /L) ** The percent of patients with poor hematopoietic function was determined by stratifying patients into categories based on the CD34 dose they were given, and then dividing the number of patients who met the criteria for poor hematopoietic function at each time point by the total number of patients included in the study at that time point who received the same CD34 dose and prevent infectious complications. Though our study showed no difference in the infection rate based on mobilization regimen, this may in part be due to low infection rates secondary to the stringent criteria used to define infections (i.e., culture-proven infection or infection requiring hospitalization).
Though subject to the limitations of a retrospective review, this study included a large number of patients and, to our knowledge, reports on the longest follow-up of graft function post AHCT. This study showed that increasing the CD34+ infusion dose >3 × 10 6 cells/kg did not improve long-term graft function. Also, while preemptive plerixafor increased the collection yield, this did not translate into improved long-term graft function or clinical outcomes. Further studies with larger populations are needed to validate these findings and to determine if increasing CD34+ dose improves the clinical outcomes.
